The temperature dependence of the T4 DNA ligase-catalyzed joining of plasmid DNA linearized by the action of Haelll, EcoRI and PstI restriction endonucleases has been investigated by electron microscopy analysis. The extent of joining is maxi_ mal at 4° and decreases with increasing temperatures following sigmoid -like curves.
INTRODUCTION
The physiological substrate for the enzyme DNA ligase (1) is generally believed to be an interruption of a phosphodiester bond in a polynucleotide, with the resulting contiguous 5' P and 3' OH kept in register by an uninterrupted complementary DNA strand. A probably less natural but certainly very useful feature of the DNA ligase is the ability to join two different DNA duplexes, like those produced by most type II restriction endonucleases (2) , when held together by hydrogen bonds between complementary sequences as short as two nucleotides (3) .
A peculiar feature of the T4 DNA ligase (4) is the ability to join end-to-end DNA duplexes possessing no single-stranded overlap, commonly called blunt or flush ended. The optimal temperature for the action of the DNA ligase on physiological substrates is 37°, but when the enzyme is challenged with separate molecules, the stability of their interaction at the termini becomes also an important parameter in both rate and extent of joining. It has been found (5) that the melting tem perature of the base-paired tetranucleotide (5'-AATT-3') termini produced by the EcoRI restriction endonuclease is 5-6°C, in low ionic strength buffer and 5O% formamide.
For the covalent joining by the E.coli DNA ligase of cone sive termini produced by EcoRI Dugaiczyk et al (6) have reported that in the 0-15° interval investigated, the optimal temperature was between 10 and 15°. Using heterogeneous populations of restriction fragments, Sgaramella and Ehrlich (7) found that for the cohesive termini produced by EcoRI, and also for the no-overlap, blunt termini produced by Haelll, the maximal joining by the T4 DNA ligase was around 25°.
No study was known to us which dealt with the effect of the base composition of the complementary sequences on the tern perature of joining of restriction endonuclease-generated termini. The data presented here describe the temperature depen- Sodium Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis.
(SDS-PAGE) Performed essentially according to Laemmli (16) .
RESULTS.AND DISCUSSION
As substrates for our study, we have used the DNA of two plasmids, pBR322 and pC194, linearized with restriction endonucleases to generate molecules with the appropriate termini (see Fig. 1 ). Thus, pBR322, an E.coli plasmid of 2.9 Md (11), was cut to completion with (i) EcoRI to produce four-nucleotide single-stranded (cohesive) termini of sequence 5'-AATT-3', and with HaelII-produced termini, T-is the lowest, close to 23°;
with the cohesive 4 A-T's termini produced by EcoRI, the T--2 appears to be close to 28°; finally with the 2 A-T's and G-C's termini produced by PstI, the highest T-is obtained, 2 at 32°.
These results bear on a problem of great relevance to in vitro recombination: the joining of DNA termini produced by type II restriction endonucleases of common use like Haelll, EcoRI and PstI.
Previous data (7) (Fig.3 ), it appears that this enzyme is much purer than the previously prepared one, and probably at least 60% physically homogeneous.
It is conceivable that the contaminants in the old preparation might have reduced the extent of joining at low temperatures, for instance by binding to the substrates.
To clarify this possibility, to ligation mixtures containing EcoRI-pBR322 and HaeIII-pC194 as substrates, we have added as a "contaminant", a DNA binding protein, the product of T4 gene 32 (17) . The ligated products have been analyzed by gel electrophoresis and electron microscopy. Fig.4 shows the gel pattern obtained with EcoRI-pBR322: it is apparent that at 4°C
an amount of DNA binding protein equal in weight to that of the DNA has little or no effect on the extent of joining. A similar lack of effect has been noticed on HaeIII-pC194, analysed by electron microscopy (not shown).
Another possible explanation for the discrepancy between the earlier (7) and these data might be found in a stronger binding of contaminating proteins to the enzyme at the lower than at the higher temperatures, with a corresponding decrease of joining in the 5-15° interval. Whatever the reasons for the 94 68 45 B Figure 3 . SDS-Pape analysis of T4 DNA licjase extracted from T4-infected E.coli cells (A) used in previous studies (7) and (B) of that used in this work and purified form induced lambdalysogenized E.coli cells (8) . In A were loaded approximately 5O0 jag of protein, in B 25 ug. Migration is from left to right: the numbers on the top derive from MW standards and are kilodaltons (Kd).
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Figure 4. Lack of effect of T4 gene 32 product (DNA binding protein) on the joining of EcoRI-pBR322. A ligation mixture was set up, as described in Methods, containing an amount of gene 32 product equal in weight to DNA, and allowed to proceed for 2 hrs. The product was analysed by agarose gel electropho resis. Lane 1: EcoRI-pBR322 ; lane 2: EcoRI-pBR322 exposed to a mixture of gene 32 product and T4 ligase; lane 3: EcoRI-pBR322 exposed to T4 ligase alone.
discrepancy between the old and the new data it seems reasonable to postulate that the properly apposed termini, ready to be ligated, must be more frequent at lower than at higher temperatures in the interval under study. It must also be emphasized that we allow the reactions to reach a plateau, so that increases in temperature elicit no increase in the extent of joining but either keep it constant or diminish it, when the substrate is destabilized and thus unavailable for joining.
The T~~ indicated in Fig.2 varied as expected qualitatively according to the nature of the termini involved in the joining.
It is gratifying to note that also quantitatively the T-corre late well with the energies involved in the interactions of the three types of ends. In the case of the blunt ends produced by Haelll, the relevant stacking forces can be estimated to be close to 11.3 Kcal/mol (18) . In the case of the cohesive termini, similar calculations give close to 21 Kcal for EcoRIproduced ends, and 34.6 K cal for PstI-produced ends.
A practical consequence of the differences in T-could have been the possibility of uncoupling the joining of the blunt from the cohesive ends, or of two cohesive ends, differing in length and/or base composition. In the cases examined in this study, such an uncoupling is not possible, given the closeness of the three curves. In our laboratory other approaches are being investigated along this line, in view of the flexibility in mixed joining reactions obtainable if different termini could be joined in a controlled way by the same enzyme.
